In this work a new density functional theory framework is developed to predict the saltconcentration dependent swelling state of charged microgels and the local concentration of monovalent ions inside and outside the microgel. For this purpose, elastic, solvent-induced and electrostatic contributions to the microgel free energy are considered together with the free energy of the ions. In addition to the electrostatic interaction, the model explicitly considers both the microgel-ion excluded-volume (steric) repulsion and the ionic correlations, in such a way that the formalism is consistent with the Hypernetted-Chain Closure approximation (HNC). We explore the role that the solvent quality, chain elasticity, salt concentration and microgel bare charge play on the swelling state, the effective charge and on the ionic density profiles. Our results show that the microgel-ion steric exclusion foments the increase of the particle size up to 10%. The role that the steric effect plays on the counterion distribution becomes more important when the microgel approaches the shrunken configuration, developing an accumulation peak at the microgel interface and a reduction in the inner core of the microgel that induce a significant increase of the microgel effective charge. We further find that deep inside the particle charge electroneutrality is achieved and a Donnan potential corrected by the steric exclusion is established.
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I. INTRODUCTION
A microgel (or nanogel) particle is formed by a crosslinked polymer network of colloidal size immersed in a solvent, which can be designed to swell or shrink in response to many external parameters, such as temperature, pH, and solvent quality among others [1] [2] [3] [4] . Particles formed by the copolymerization of monomers of Nisopropylacrylamide (PNIPAM) or N -vinylcaprolactam (PVCL) are two examples of microgels. Due to their nanometric size, the timescale of the swelling response (which is roughly proportional to the square of the typical spatial dimension of the microgel) is of the order of seconds, which is very short compared to the ones observed in the so-called macroscopic gels [5, 6] . Furthermore, the soft and porous nature of the microgels allow them to be permeated by the solvent, ions and other neutral or charged macromolecules. The combination of these properties make microgel suspensions unique smart materials for industrial and biomedical applications, such as carrier particles for biomolecules or controlled drug release [7] [8] [9] .
The encapsulation of solutes inside microgels may depend on many parameters, such as the swelling state of the microgel, its internal distribution of bare charge, the net charge of the solute, or the hydrophobic character of both the solute and the polymer network [11] . In the case Due to the local variation of the ionic density profiles close to the particle surface, charge electroneutrality is not fulfilled at every point inside the particle. In this respect, different theoretical approaches based on integral equations and linear response theory clearly indicate that the ionic distribution leads to a non-zero effective (or net) charge inside the microgel, Z ef f [12] [13] [14] . Moreover, Z ef f is significantly altered when ion-specific effects are taken into account in addition to electrostatic ones. For instance, its absolute value grows when counterions become expelled from the internal volume of the particle due to the excluded-volume repulsion exerted by the polymer mesh [15] . Oppositely, |Z ef f | may decrease and even show charge inversion when counterions are specifically attracted to the polymer network by means of short-range hydrophobic forces [16] . In all these works, however, the microgel was represented by a fixed object which creates a constant external field for the ions, but the swelling response of the microgel was not accounted for.
The swelling behavior of ionic microgel particles were formerly tackled on a coarse-grained level by means of a combination of the Flory-Huggins theory for the elastic and solvent-induced contributions, and the DebyeHückel linear screening approximation for the effect of the counterions [10, 11, 17, 18] . Some recent works address the microgel volume transition in the presence of ions or charged surfactants using more sophisticated theories and simulation methods [19] [20] [21] . However, all those approaches did not consider ionic correlations nor excluded-volume effects. Sing et al. [22] applied an integral equation formalism that considers the finite-size ionic correlations to predict a reentrant swelling for large salt concentrations. For this purpose, they used a twophase description (the macroscopic gel and the bulk phase) so that the exchange of ions between both phases was permitted at a fixed chemical potential and preserving electroneutrality. A similar grand canonical description was employed by Ahualli et al. [23] but in this case making use of coarse-grained computer simulations to model the macroscopic gel, also under electroneutral conditions. They compared the simulation results for microgel swelling with a theoretical approach based on the Poisson-Boltzmann equation, and found good agreement as soon as excluded-volume effects promoted by the cross-linked polymer matrix were properly considered. Recently, Colla et al. [24] went beyond this two-phase description and studied the uniform swelling and the local variation of the ionic concentrations for finite-sized and uniformly charged microgel particles. In that work, the authors employed a density functional approach that included the free energy of both the microgel particle and the ions. Their model, however, is a mean-field PoissonBoltzmann approach that neglects the ion correlations and the excluded-volume effects, which have been proven to be important for de-swollen configurations [15, 25] .
The main goal of this work is to propose a density functional theory (DFT) able to predict consistently both the equilibrium counterion and coion density profiles (ρ + (r) and ρ − (r), respectively) and the swelling response, but taking special care of considering ion-specific excludedvolume effects and finite-size ion correlations in addition to the electrostatic interactions. The model gathers the elastic, solvent and electrostatic free energy contributions coming from the polymer network inside the microgel, together with the free energy of the ions in the presence of the microgel. Moreover, the ion free energy term is built to be compatible with Ornstein-Zernike (OZ) integral equation theory within the Hypernetted-Chain Closure (HNC) for ion-ion and microgel-ion correlations. Although this approximation neglects the bridge functions, it has been shown to perform quite well when compared to other theories and simulations [14, 25] . For this purpose, a quadratic functional Taylor expansion with respect to the bulk densities of the ions is included in the ionic free energy, which accounts for the ionic correlation beyond the mean-field electrostatic treatment. Similar approximations have been used in the literature to describe various charged soft matter systems such as grafted polyelectrolytes [26, 27] , polyelectrolytes near oppositely charged interfaces [28] , ions near charged electrodes [29] , and mixtures of charged macroions or colloids and electrolyte [30, 31] . We focus on the particular case of 1:1 electrolyte suspensions, although the generalization of this method to multivalent ions is straightforward.
The paper is organized as follows: In Section II the particle interactions among the different components of the system (microgels, counterions and coions) are described. Section III briefly explains the OZ-integral equations method and the HNC relation used to determine the ionic density profiles around the charged microgel. Then, a DFT consistent with HNC that includes both ionic correlations and the microgel-ion excluded-volume interactions, is developed in Section IV to incorporate also the microgel swelling. Section V specifies the system conditions and describes the details related to the numerical implementation of the method. In Section VI the theoretical predictions for the particle swelling, effective charge and local ionic concentrations are shown in terms of many system parameters. Finally, we summarize the most important results in Section VII.
II. THE MODEL SYSTEM
We consider a three-component mixture formed by microgels, counterions and coions (indexes m, + and −, respectively) immersed in a continuous solvent with a electric permittivity, . Counterions (coions) are assumed to be modeled by charged hard spheres of radius R + (R − ) and valence Z + (Z − ). This allows to account for the finite size effects. Microgels are here treated as permeable spheres with a uniform mass holding a total bare charge Z m homogeneously distributed within a sphere of radius R m . It should be emphasized that R m is not a constant quantity, since it depends on many parameters such as temperature, salt concentration, microgel charge, etc. The polymer volume fraction inside the microgel particle may be written as
where R 0 and φ 0 are the radius and polymer packing fraction of the microgel in a reference swelling state.
In order to determine the equilibrium ionic density profiles inside and around the microgel particle we need to know the analytic expression of the pair interaction potentials. The dimensionless pair potentials between ions are given by
where r is the distance between the centers of both ions, i, j = ±, and l B is the Bjerrum length, defined as l B = e 2 /(4π k B T ), where k B is the Boltzmann constant, T the absolute temperature and β = 1/(k B T ).
The pair interaction between ions and a microgel particle will be split into an electrostatic and excluded-volume additive contributions [15] 
The first term of eqn (3) corresponds to the electrostatic potential energy between a single ion and the microgel. For a uniformly charged spherical microgel of radius R m , this contribution is given by
Here, r is represents the distance between the microgel and ion centers. The second term of eqn. 3 accounts for the ion-specific excluded-volume repulsion that an incoming ion experiences when diffusing inside the polymer network. For point-like ions this interaction is only dependent on the free volume left by the polymer fibers. However, for finite size ions, this repulsion depends also explicitly on the radius of the monomeric units (R mon ), the ion size, and on the internal morphology of the crosslinker polymer network. One of the first models to account for internal structure of gels assumed that they could be represent by interconnected spherical pores [32] . This hypothesis, however, did not succeed to predict the simulation results obtained for the partition coefficient of neutral solutes inside cross-linked polymer networks [33] . Here, we assume that the polymer network is roughly given by an assembly of randomly placed spherical monomers. This approximation has been successfully employed to predict the ionic density profiles inside and outside a single microgel and the permeation of neutral and charged solutes obtained via Monte Carlo simulations [23, 25] . Under this assumption, the ion-microgel steric (excluded-volume) repulsion may be analytically calculated [34] βV exc mi (r) = Figure 1 depicts the counterion-microgel and coionmicrogel bare interactions (V m+ (r) and V m− (r), respectively) for a particular case. The pair potentials show a Coulombic decay for distances r > R m . For r < R m the potential is soft and reaches a maximum/minimum at the center of the microgel, r = 0, where the electric field created by the particle is zero. As it may be observed, the steric repulsion introduces a repulsive barrier located at r = R m that partially hinders the ionic permeation inside the microgel. The barrier height grows with the polymer volume fraction, φ, and so it plays a more important role in shrunken states, whereas it only represents a minor perturbation for swollen conformations. Please note that any discontinuity in the pair potential (given by the steric barrier ∆V = V exc mi (r < R m )), yields also a discontinuity in the ionic concentrations, so
. Therefore, the jump of the ionic densities grows exponentially with ∆V , leading to huge peaks in the density profiles of counterions at r = R m for shrunken conformations.
III. HNC-ORNSTEIN-ZERNIKE EQUATIONS
The main aim of the work is to develop a DFT consistent with Ornstein-Zernike (OZ) integral equation theory within the HNC approximation. In this Section we briefly discuss how the integral equations method are able to provide the ionic density profiles around a fixed microgel particle. In the limit of very dilute microgel suspensions, these equations are given (in the Fourier space) by [35] 
for the ion-ion correlations, and
for the ion-microgel correlation. ρ b + and ρ b − represent the number density of counterions and coions in the bulk, far away from the perturbation caused by the microgel particle. These equations consider the particular case of a single microgel particle, and so, they actually correspond to an infinitely diluted microgel suspension, ρ b m → 0 (the study of the ionic density profiles for concentrated colloidal suspensions would necessarily require the knowledge of the microgel-microgel interaction potential). h ij (r) and c ij (r) are the so-called total and direct correlation functions. In order to solve these equations, five additional closure relations are required to couple both functions. In this work, the Hypernetted-Chain Closure (HNC) is used for all particle correlations (8) as it has shown to represent a quite accurate approximation for ionic microgels in salty suspensions [14, 15] . Using the bulk ionic concentrations and the pair interaction potentials (see eqns (2) , (3), (4) and (5)) as input functions, both sets of equations are successively iterated until convergence is achieved. The sought ionic density profiles are finally given by
It should be noted that the electroneutrality condition
is automatically satisfied when solving the OZ-HNC equations. This means that, as soon as we introduce in the system a charged microgel, there is an exchange of ions with the bulk reservoir in order to counterbalance the microgel charge. Integrating those ionic density profiles over the volume of the microgel yields the effective charge of the particle
IV. DENSITY FUNCTIONAL THEORY
In our model, the system is consistent of a large spherical open cell with a single charged microgel placed in the center, at r = 0. Since we are interested in the knowledge of the ionic density profiles around a microgel particle, our functional must consider the microgel as an external potential for the ions. In particular, our external potential, V mi (r), is the one given by eqns (3), (4) and (5) . In the presence of the microgel, the ionic densities become non-uniform and show a dependence on the distance to the microgel center, ρ i (r). This heterogeneous system formed by the central microgel and the surrounding ions is in equilibrium with a homogeneous reservoir filled exclusively by ions: the bulk. The bulk number densities ρ b i are determined from the salt concentration added to the microgel suspension. Finally, the mass equilibrium between the system and the reservoir is controlled by the chemical potential of counter-and coions, µ ± .
In addition, microgel particles are deformable objects that can adopt different swelling states depending on the solvent conditions, the cross-linker concentration and the bare charge. In the presence of ions, the microgel interacts with them, and the equilibrium radius R m becomes also dependent of the salt concentration. Therefore, the grand canonical potential of the system should incorporate the free energy of the microgel, F m , the free energy of the ions, F ions and the contribution coming from the microgel-ion interactions. Hence, we have
A. Free energy of the microgel The free energy of the microgel will be split into three different terms: elastic, solvent-induced, and electrostatic self-contributions
For the elastic free energy we make use of the popular rubber elasticity model [3] 
where R m is the microgel radius, R 0 is its radius in the undeformed state and N chains is the number of crosslinked chains. The elasticity strongly depends on the average chain length. We will define ν as the number of monomeric units per chain. The internal morphology of the microgel and the elastic response is specified by ν. Indeed, short chains imply that the particle has a larger cross-linker concentration and so it is more difficult to stretch. On the contrary, for long chains the microgel is likely to be deformed by any external stimuli with a relatively small elastic free energy cost. Assuming that monomers have a spherical shape of radius R mon , we have
where v mon = 4πR 3 mon /3. Hence, the elastic contribution, expressed in term of the polymer packing fraction (see eqn (1)), reads as
We need to specify the packing fraction for the reference state, φ 0 . Most of the authors assume that such state is reached when the polymer is being cross-linked to create the permanent network. In other words, the reference state corresponds to the conformation of the particle when it was synthesized. In the particular case of microgels, the synthesis usually happens under bad solvent conditions, so the microgel is in the hydrophobic, collapsed state [3] . Hence, we assume that φ 0 ≈ 0.64, which corresponds to the packing fraction in conditions of random-close packing of spheres (monomers). The next step is to define the solvent free energy. In the typical Flory picture, this contribution has an entropic part and a solvent-polymer interaction part [3, 17, 18, 20] 
where n s is the number of solvent molecules inside the microgel and φ s is the volume fraction filled by the solvent inside the microgel, which is supposed to be given by φ s ≈ 1−φ. This assumption neglects the local packing fraction of absorbed counterions and should be valid for not too high microgel charges (about volumetric charge densities below 50 C/cm 3 ). χ is the Flory-Huggins parameter (which controls the degree of solvent quality for the polymer chains).For χ = 0, polymers behave as athermal, so its conformation only depends on the excluded-volume interactions between the monomers. For χ = 1/2 the hydrophobic attraction between the polymer chains exactly compensates the excluded-volume repulsion, leading to an ideal Gaussian behavior. For larger values of χ, the polymer tends to be more hydrophobic, so the microgel shrinks expelling the solvent from inside. The larger χ is, the smaller the microgel size becomes. For PNIPAM microgels χ increases with temperature, and the transition from swollen to shrunken conformations occurs at temperatures close to T = 307 K. However, the dependence of χ with T is not known in general, and depends on other parameters. For this reason we performed the study in terms of χ instead of using T . Assuming that the solvent particles have the same volume than the monomeric units, v s = v mon we get
Therefore,
Please note that in the last equation we omitted a contribution proportional to χφR 3 m = χφ 0 R 3 0 because it only represents an additive constant that does not have any influence on the equilibrium swelling state.
Finally, the third contribution corresponds to the electrostatic energy of the charge distribution inside the microgel, in the absence of ions. Formally, this energy is given by
In our particular model, we supposed a uniform distribution of charge inside the microgel, so that
For this choice, the electrostatic self-energy of the microgel is simply given by
The total bare charge, Z m , may be connected to the fraction of charged monomers, f as
The negative sign is due to the fact that monomers are assumed to be negatively charged, Z mon = −1.
B. Free energy of the ions
The free energy of the ions is split into ideal and excess contributions (24) for which the ideal gas part is known exactly as
1/2 is the thermal wavelength of ion i. For the excess free energy of the ions, we assume that it may be written in two additive parts, a Coulombic electrostatic term plus a correction which accounts for the ionic correlations beyond the mean-field electrostatic contribution [30, [36] [37] [38] . Therefore,
The mean-field electrostatic contribution is given by
Note that the second equality holds because system fulfills electroneutrality (see eqn (10) ). The correlation part may be estimated by means of different ways. Here, we employ one of the simplest approximations, in which this contribution is Taylor expanded up to second order of the local ionic concentrations around the bulk densities, and higher order terms are neglected:
In this expansion βF
and ∆c (2) ij (|r − r |) are the Helmholtz free energy, the first-, and the secondorder direct correlation functions of ions in the bulk (with uniform number density ρ b i ) arising from the ionic correlations. As will be shown later on, βF are two constants that don't have any influence on the ionic density profiles and the swelling ratio of the microgel at equilibrium. However, ∆c (2) ij (r) is indeed very important. Since the Coulomb contribution is explicitly taken into account through eqn 27, these functions are given by
where c ij (r) are the ion-ion direct correlation functions in the bulk.
C. Functional differentiation
Once all the contributions of the grand canonical potential are explicitly known, we can perform functional derivatives to obtain the ionic density profiles via minimization of the grand canonical potential
Performing the functional differentiation, and using that
together with the definition of the ion-ion correlation functions (eqn 29), we obtain
The same identity may be applied in the reservoir, where ions are uniformly distributed and so the density profiles are flat. In this case, there is no external field, so h mi (r) = 0, and the previous equation reduces to
Using eqn (32) in eqn (31), we can eliminate the constant parameters µ i , ∆c
and Λ i in terms of the bulk densities ρ b i . Moreover, we can make use of the OZ equations (eqn (7)) to reduce even further. We obtain
These expressions are completely consistent with the HNC formulation (eqn (8)). Therefore, the DFT proposed here is equivalent to solving the OZ-HNC integral equations. Note that the present theory for the microgel-ion correlations reduces to the simpler meanfield Poisson-Boltzmann approach if ions are assumed to be point-like and ionic correlations are neglected (∆c (2) ij = 0), so that the ion-ion direct correlation functions are provided by the mean spherical approximation (MSA),
Finally, the swelling state of the microgel is obtained by performing the derivative with respect to the particle radius, R m , via
V. NUMERICAL IMPLEMENTATION AND CHOICE OF THE CONDITIONS
In the calculations we investigate the particular case of monovalent salt, although the method can be also easily extended to consider multivalent ions. Also, we restrict the study to the case where the solvent mediated short-range hydrophobic/hydrophilic forces between ions and polymer chains are negligible, so that only steric and electrostatic forces are involved. The monomer radius is assumed to be R mon = 0.4 nm, which corresponds to the average effective size of the monomers for PNIPAM polymer chains. For the ions' diameter we employ a generic and symmetric R + = R − = 0.36 nm, while in future more specific values [39, 40] shall be tested. However, when an ion diffuses inside the cross-linked polymer network, the solvent layer surrounding the ion can be disrupted in the region between the ion and the polymer chain. [41] . For instance, Na + is known to have some affinity to the carbonyl group of the PNIPAM amide bringing them to close contact [42] . Still, the water disruption will depend on the specific ion and the detailed physicochemical properties of the polymer. In order to provide a simple treatment for this effect we assumed that the ion size which enters into the microgel-ion steric repulsion (eqn 5) is the one for completely dehydrated ions and we fix it to 0.2 nm in our calculations. The microgel radius in the reference (collapsed) state has been chosen to be R 0 = 30 nm, and the polymer packing fraction in this state is φ 0 = 0.64, which corresponds to the random close packing configuration of spherical monomers. The Bjerrum length, that controls the intensity of the electrostatic interactions, is taken to be l B = 0.71 nm, which is the typical value for an aqueous solution at room temperature.
We investigate the equilibrium density profiles of counter-and coions, and the swelling state of the microgel at different conditions of microgel chain flexibility, bare charge and salinity. In particular, we explore charge fractions (average charge per monomer) from f = 0 to 0.05, whereas the salt concentration, ρ s , is varied from 0.1 mM to 300 mM. The average chain length between two cross-linker nodes is varied between ν = 100 and 500. In all cases electroneutrality is fulfilled. We also investigate the role of the steric repulsion between the incoming ions and the polymer network of the microgel. For this purpose the ionic density profiles and the swelling state of the particle are determined with and without taking the steric forces into account. The hydrophobic interaction between the polymer chains is controlled by the Flory-Huggins parameter, χ. It is well-known that the swelling of PNIPAM microgels depends on temperature, with a crossover between swollen to de-swollen states close to T = 307 K. However, the dependence of χ with temperature is not universal, as it may be different depending on the polymer nature and the volume fraction. For this reason, instead of using the temperature we better employ the Flory-Huggins parameter, χ. In order to plot the swelling curve, χ is varied from 0 (athermal polymer) to 1.5 (strongly hydrophobic polymer), in steps of ∆χ = 0.1.
In all the calculations the monomer diameter σ mon is set to be the unit length. All number densities are scaled by ρ i (r)σ 3 mon . In order to integrate the OZ-HNC equations, successive iterations are applied starting from an initial guess until convergence is finally achieved. Iteration k is considered to reach convergence when i<j (c
Usually, as initial guess we employ the MSA approximation for the direct correlation function, c ij (r) = −βV ij (r) [35] . The solution needs to be slowly conducted by mixing old and new iterations [43] . This method works quite well for small values of the microgel bare charge, Z m . However, for strongly charged microgels the method becomes unstable and the iterative procedure needs additional resources to be guided until convergence. In particular, we start from a microgel of large radius, since in this case the density distribution of bare charge is low and convergence is easily reached. Then, we use the functions c m± (r) obtained for this radius R m as the initial guess to solve the case of a microgel with slightly smaller size, R m − ∆R. For small enough ∆R the method is able to cover a large spectrum of particle sizes, from swollen to shrunken configurations, and allows the determination of the minimum of Ω as a function of R m . This is done for several values of χ at once. The calculations were performed using a grid size of r/σ mon = 0.005, and a total number of points given by 262144. With such a choice we checked that the direct correlation functions are not affected by the grid size, even at the largest studied salt concentration. The step employed to cover the microgel radius, from large to small size, is ∆R = 0.2 nm. This value ensures that the solution will successfully achieve convergence in all situations. More details about the numerical integration of the OZ equations may be found in related previous work [14] .
VI. RESULTS AND DISCUSSION

A. Effect of the microgel-ion excluded-volume repulsion
The first question to pose is whether the excludedvolume repulsion that the cross-linked polymer network exerts on the incoming ions is important or not. In principle, it is expected that this repulsion will have significant effects on the ionic distribution, expelling more ions outside the particle as the microgel shrinks. Analogously, the change on the ionic density profiles should also have some kind of influence on the swelling state of the particle.
In order to answer this question the swelling behavior of the microgel has been studied under several conditions of bare charge and ionic strength (see Fig. 2 ). For weakly charge microgels, Fig. 2(a) indicates that the steric effect seems to be negligible. In this particular case, counterions are weakly attracted by the microgel, so the energy cost of expelling them outside due to the steric force is small compared to the other free energy contributions. However, the role of the steric exclusion becomes more relevant as the microgel bare charge is increased. This fact is clearly illustrated in Fig. 2(b) , where the same comparison is performed for a microgel bare charge ten times larger. In this case, the steric exclusion induces an increase of the microgel size. Indeed, when steric exclusion is taken into account, counterions are forced to emigrate outside, increasing the electrostatic potential.
Since this situation is energetically unfavorable, the microgel tends to swell in order to allow the ions to diffuse inside at some extent, and so reducing both the electrostatic and the steric microgel-ion energy.
The relevance of the steric effect is not always the same for the whole curve. For χ < 1/2 the particle is expanded so the internal polymer volume fraction is low, leading to a very small steric repulsion. As the particle shrinks (χ > 1/2), the steric exclusion plays a more significant role, and may lead to an increase of the particle size up to 10%. Close to the shrunken states the steric effect becomes very strong. However, in this region the microgel is highly hydrophobic so the free energy is dominated by the solvent contribution, being the presence of ions of minor relevance. The role that steric exclusion plays is also diminished by increasing the salt concentration. Indeed, if the salt concentration is large (see Fig. 2(c) ) the electrostatic forces are screened and the presence of the microgel represents an smaller perturbation of the ionic bulk densities.
Although the microgel size is not very much affected by the steric exclusion, the ionic concentrations are indeed strongly modified. In order to illustrate this, Fig. 3 shows an example of the ionic density profile with and without the steric effect for three different swelling states: swollen, intermediate and shrunken. As it may be observed in Fig. 3(a) , in the swollen configuration (χ = 0) the effect of including the steric exclusion is small and only introduces a small jump in the radial distribution functions of both ions, in such a way that the concentration inside the microgel is slightly smaller than the one predicted without steric forces. When a partial shrinking is induced by increasing the Flory-Huggings parameter to χ = 1/2 ( Fig. 3(b) ), the differences between both predictions become more significant. Finally, close to the shrunken state (Fig. 3(c) ) the effects of the steric exclusion are huge. In this case, the steric repulsive barrier is about several k B T , causing a strong exclusion of ions. This can be clearly appreciated in the local concentration of counterions, which shows an accumulation peak at r = R m that grows at the expense of a reduction inside the microgel. Such kind of high concentration peaks located at the external shell of the microgel have been reported in previous simulation studies and are a direct consequence of the steric repulsion [25] . The ionion excluded-volume repulsion also slightly contributes to enhance the counterion exclusion from the interior of the microgel. However, this effect becomes significant only when the internal packing fraction of counterions is very large (close to the maximum packing) which can occur only for microgels holding a much higher density charge. Surprisingly, the enormous effects in the ionic distribution close to the shrunken state does not play a dominant role on the equilibrium swelling state. This occurs because, as it has been mentioned before, in this region of high χ the particle size is led by the polymerpolymer hydrophobic interactions which enters through the solvent term of the free energy.
In is important to emphasize that close to the microgel surface there exist local effects because of the sudden jump of the bare charge density. Indeed, the perturbation caused by the microgel interface leads to local variations of the local density of counter-and coions, with a range given approximately by the Debye length, κ −1 . However, for not too low salt concentrations (ρ s 0.1 mM), the ionic density profiles become flat inside the microgel particle. This feature is directly connected with the fact that a Donnan potential (ψ D ) is being established inside the particle far from the interface, and that electroneutrality is fulfilled in this region. Such Donnan potential can not be determined from the original Donnan theory since it was developed only for point-like ions in the absence of excluded-volume interactions. As it was reported by Ahualli et al. [23] , the steric contribution must be necessarily taken into account, and the Donnan potential should be also corrected by finite size effects in addition to the electrostatic ones. They propose a simple theory to predict ionic concentration inside the gel phase by imposing the equality of the chemical potential inside (gel phase) and outside (bulk phase) [23] 
where ρ 
(36) Now we need an expression for the excluded-volume chemical potentials µ exc i . Here, we suppose that this steric repulsion is caused exclusively by the polymer packing fraction inside the microgel. This assumption neglects the excluded-volume effects arising from the counterions condensed inside, so it may be considered a good approximation as far as the microgel charge and the salt concentration are not too high. As it has been already mentioned in Section II, the internal morphology of the microgel is well-captured through the microgel-ion pair potential given by eqn (5) . Therefore, in order to be consistent with this model, the excluded-volume chemical potential must be given by βµ
3 . Hence, the ionic densities deep inside the microgel particle are
(37) The theoretical predictions privided by eqns (36) and (37) have been compared to the radial distribution (36) and (37), providing a Donnan electrostatic potential with and without inclusion of the the excluded-volume effects, respectively.
functions of counter-and coions inside the microgel obtained in the region where the density profiles are flat (see black horizontal dotted lines in Fig. 3 ). As observed, the agreement is excellent for all cases, from swollen to shrunken states. Hence, eqn (37) can be considered a good approximation to predict the ionic concentration deep inside the microgel in the presence of steric interactions. If the steric repulsion is neglected, the agreement is also good (red horizontal dotted lines), but in this case the Donnan potential is the one deduced from purely electrostatic interactions (µ exc i =0). Furthermore, the fact that electroneutrality is fulfilled in the internal region means that the effective charge that the microgel develops must necessarily arise from the region close to the particle surface. 
B. Effect of the chain flexibility
Henceforth, the steric exclusion will be always considered. We now investigate the role of the chain flexibility by changing the average chain length between two crosslinker monomers, ν. Increasing the chain length is equivalent to decrease the cross-linker concentration inside the microgel particle, so the polymer network becomes more flexible. Fig. 4 shows the swelling behavior for different values of ν, from 100 to 500.
Clearly, the chain length does not have any relevant effect for shrunken states, where the polymer configuration is controlled by the solvent-induced polymer-polymer hydrophobic attraction. However, the swollen states are indeed strongly affected since the increase of ν allows the microgel to reach more expanded conformations with a lower free energy cost. These findings for the temperature dependence of the scaled microgel size are in very good qualitative agreement with experimental data for cross-linker densities between 0.6 and 5.3 % [47] .
C. Effect of the microgel bare charge
The microgel bare charge, Z m , has been varied from 0 to −13500, which corresponds to a fraction of charged monomers ranging from f = 0 to 0.05. Fig. 5(a) shows the swelling behavior for a fixed salt concentration given by ρ s = 10 mM. As observed, for small bare charges the particle swelling is practically insensitive to Z m , being dominated by the elastic and solvent-induced free energy contributions. However, this is not the case for large values of Z m . Increasing Z m has essentially two effects: enlarging the particle size in the swollen state and shifting the volume transition to larger values of χ. In other words, the microgel needs a stronger polymer-polymer hydrophobic attraction to compensate the electrostatic repulsion and induce the collapse. these hydrophobic forces and the results all converge to a common curve. The ionic permeation inside the microgel is also affected by the value of the bare charge. This can be clearly appreciated in Fig. 5(b) , where the normalized effective charge, Z ef f /Z m calculated according to eqn (11) is plotted as a function of χ for different values of Z m . In all cases, Z ef f grows with χ. This effect occurs for two reasons: First, increasing χ leads to an increase of the microgel volume fraction, which contributes to enhance the repulsive steric forces between counterions and the microgel. This counterion exclusion causes the increase of Z ef f . Second, a decrease of the microgel size forces the counterions to condensate inside a smaller volume. The counterion-counterion repulsion also contributes to the counterion exclusion and so, to the increase of the effective charge. It should be noted that the enhanced electrostatic repulsion between counterions arising in shrunken states is able to induce the increase of Z ef f even in the absence of the steric exclusion effect (not shown). However, this increase is much less important than the one observed when considering the steric exclusion of the ions [15] .
Although Z ef f always grows with χ, the amount of increase is strongly dependent on the microgel bare charge, especially for de-swollen states. For small Z m , the microgel-counterion electrostatic attraction is weak compared to the steric repulsive barrier at high values of χ. This effect hinders the counterion permeation and yields a high effective charge, very close to the bare charge. However, for large values of Z m , counterions become so strongly electrostatically attracted to the interior of the microgel that they are able to surpass the repulsive steric barrier and diffuse inside, inducing a significant reduction of Z ef f /Z m . For swollen configurations (χ < 1/2) counterions have plenty of space inside the microgel at the time that their permeation becomes mostly governed by electrostatics, so Z ef f /Z m tends to be independent on the bare charge. All these effects reveal an interesting interplay between electrostatic and excluded-volume effects.
D. Effect of the salt concentration
The electrolyte concentration also plays an important role, as it is responsible for the screening of the electrostatic forces. Fig. 6 (a) plots the particle radius as a function of χ for increasing salt concentrations at a very low microgel bare charge (f = 0.001). For such a weakly charged microgel, the response of the swelling ratio is almost insensitive to ρ s since the free energy is dominated by the elastic and solvent terms. When the particle charge increases (see Fig. 6(b) ), the eletrostatic term achieves a more relevant role and then, the swelling response becomes affected by the salt concentration. Basically, the effect of adding salt is to reduce the particle size in the swollen state and to shift the transition to lower χ values (temperatures). Both phenomena are consistent with previous simulation, theoretical, and experimental studies [44, 48] . The explanation of this relies in the combination of several effects. On one hand, increasing the electrolyte concentration leads to the screening of the electrostatic forces, so we need smaller hydrophobic attraction to overcome the electrostatic repulsion and promote the particle shrinking. On the other hand, at high salt concentrations the ions outside the microgel particle generate an strong osmotic pressure on the microgel surface, which also favors the shrinking. Again, for large values of χ, the swelling state becomes mostly controlled by the solvent-induced term, and all curves collapse in a common behavior.
Figs 6(c) and (d) show the same sort of results, but plotted against ρ s , for small and large bare charges. Again, it is clear that for weakly charged microgels, the swelling behavior is not affected by ρ s . Indeed, only for a high enough concentration (above ρ s = 10 mM) there is an appreciable reduction of the particle size at low χ. For strongly charged microgels the effect of the elec- trolyte concentration becomes more relevant and dominates over the solvent contribution. In this case, the particle de-swelling is observed even at ρ s = 0.1 mM. For both bare charges, the effect of the salt concentration is meaningless for shrunken microgels (χ > 1), where the particle size is almost entirely dominated by the hydrophobic interaction. Qualitatively similar plots may be found in the predictions of Colla et al. [24] , obtained by solving the Poisson-Boltzmann equation.
In addition to the swelling state, our DFT also provides the equilibrium density profiles of counterions and coions inside and around the microgel particle. In Fig. 7 we plot these profiles for increasing values of the salt concentration, and for four different situations of bare charge and swelling states. We can extract some conclusions from these results. Firstly, the repulsive steric effect is present in all curves, leading to a certain reduction of the counterion and coion permeation. Evidently, this reduction is enhanced in the shrunken state, where the steric barrier is larger. For the case of counterions, the steric barrier is responsible for the appearance of an accumulation peak outside the microgel surface (r R + m ) followed by a local minimum at the internal part of the surface r R − m . The height of the peak and the depth of the minimum become more pronounced when we move to shrunken states, since the steric jump becomes more important in this limit.
Secondly, increasing the electrolyte concentration flattens the ionic densities both outside and inside the microgel. Although for larger bare charges we need a larger amount of salt in order to homogenize the density profiles, in general these flat density profiles are obtained for a wide range of salt concentrations in the internal region of the microgel, far enough from the interface. As already mentioned before, these uniform profiles indicate that electroneutrality is satisfied in this region.
Thirdly, it is interesting to emphasize the results plotted in Fig. 7(d) , corresponding to the local density of ions for large Z m and χ = 1 (shrunken state). In this regime, the particle size is almost independent on ρ s (see Fig. 6 ), so the steric repulsion is more or less the same in all cases. As a result of this, the counterion density profiles are very similar for all salt concentrations. This is not the case when we decrease the microgel bare charge (Fig. 7(b) ), as the counterion condensation inside the microgel grows with ρ s . This phenomenon occurs because the steric repulsion plays here a more important role compared to the electrostatic attraction, and so it leads to a more pronounced minimum in the counterion density close to the microgel surface, which prevents at some extent the homogenization of the counterion density profile in the internal region.
As a global estimate of the charge screening provoked by the ionic double layer, we can examine the effective charge. The effect of the salt concentration on Z ef f is shown in Figure 8 . This parameter is much more sensitive to ρ s than the particle size. Indeed, Z ef f may change even in situations where the particle radius is constant. The reason for such behavior relies on the fact that Z ef f is controlled by the electrostatic interactions between ions and the microgel, whereas R m is also strongly influenced by the solvent-induced and elastic terms of the free energy. These last contributions mask the electrostatic effects, especially for small values of the microgel bare charge.
It is clear from both plots that increasing ρ s gives rise to a significant decay of the effective charge for swollen states (χ < 1/2). Therefore, in general swollen microgels at moderate and high electrolyte concentrations are expected to hold very small effective charges compared to the bare ones. For small Z m (Fig. 8(a) ) counterions are weakly attracted by electrostatics, but strongly repelled by steric exclusion in the shrunken state. In this regime, the steric forces are able to expel a large amount of counterions outside, leading to large effective charges, close to Z m . For higher charged microgels (Fig. 8(b) ), counterions are strongly attracted to the interior of the microgel by electrostatic forces, so they are able to surpass the steric exclusion leading to a a reduction of Z ef f .
The decrease of Z ef f with ρ s is more relevant in swollen configurations due to the screening of the electrostatic interactions. Surprisingly, for shrunken states the effect of adding salt is not significant, as all curves obtained for different salt concentrations merge for χ > 1. The explanation of this phenomenon relies again in the fact that the counterion concentration inside the microgel is almost independent on the salinity under these conditions of bare charge and particle swelling (see again Fig. 7(d) ). In other words, for such strongly charged microgels counterions are forced to migrate inside in order to achieve electroneutrality. Hence, the steric barrier represents a small perturbation, only affecting the ionic concentration close to the interface. A similar conclusion has been reported by Colla et al. [24] but using exclusively electrostatic interactions.
VII. CONCLUSIONS
The uniform swelling of microgels and the local distribution of 1:1 salt ions around the microgels have been studied by means of a new DFT framework. The theory accounts not only for the electrostatic interaction but also for the excluded-volume repulsive force that emerge when the ions diffuse inside the polymer network of the micro- gel. The free energy function is built in order to include the ion-ion correlations beyond the mean-field approach at the level of the HNC approximation.
The results show that the excluded-volume effect on the particle swelling is in general not very significant compared to the other free energy contributions such as the solvent-induced and the elastic terms, but becomes more important for strongly charged microgels and low electrolyte concentrations. The ionic density profiles, however, are deeply affected by the steric exclusion, especially for shrunken states. In particular, the steric repulsion enhances the accumulation of counterions at the external surface of the microgel and the subsequent reduction of its concentration inside the microgel particle compared to the predictions obtained with exclusively electrostatic interactions. This phenomenon can also be appreciated in the value of the microgel effective charge, Z ef f , which shows a very important enhancement as the microgel configuration goes from swollen to shrunken states.
We have found that the particle swelling is enhanced when increasing the microgel bare charge and/or decreasing the salt concentration, since both of them contribute to emphasize the electrostatic repulsion between the charged monomers inside the microgel. Moreover, the volume transition shifts to larger temperatures because additional hydrophobic polymer-polymer attractions are necessary to provoke the microgel shrinking. Analogously, increasing the chain flexibility (by enlarging the average chain length between cross-linker segments) also leads to more expanded configurations. For highly hydrophobic microgels (χ 1) the microgel swelling is dominated by the solvent-polymer interaction so the particle size remains rather insensitive to all these parameters.
For a wide range of electrolyte concentrations, the ionic density profiles become uniform inside the microgel and only change near the particle interface due to the local effects caused by the polymer mass variation in there.
Such a behavior clearly indicates that the internal part of the microgel is electroneutral, which means that the effective charge of the microgel arises in the region near the particle interface. Moreover, we have checked that the concentration of ions in the inner part of the microgel may be accounted for by means of a Donnan potential, but taking explicitly into account the excess chemical potential arising from the excluded-volume interaction. In other words, the ionic permeation is the result of a balance between electrostatic and steric effects. As a consequence of this, Z ef f becomes almost insensitive to the salt concentration for shrunken microgels with large bare charge. In summary, the steric interaction should be always considered in realistic models to correctly predict the permeation of ions and charged or neutral solutes.
Our future research will focus on extending the present model to study the role of ion-specific hydrophobic/hydrophilic effects on microgel swelling, collapse transition [41, 49] , and ionic permeation. In this respect, experimental, simulation and theoretical results with hydrophobic chaotropic ions have shown that the effective charge of the microgel is strongly sensitive to ion-specific absorption, leading to charge inversion and overcharging [16, 45, 46] . Another interesting direction of investigation would be the inclusion of a fourth component such as a multipolar biomolecule, e.g., a globular protein, to study protein sorption equilibrium in hydrogels [50] or even the kinetics of protein sorption [51] . It would be also interesting to extend our model to study the non-homogeneous swelling of microgels caused by the non-uniform ionic density profiles. This could be done by means of a local free energy for the microgel that includes a position-dependent mass and charge distribution of the polymer network, just like the work by Rumyantsevet al. [20] . Finally, it is also worth to mention that the HNC-DFT connection established here is not only valid in the infinite dilute limit of microgels, but also in the so-called jellium approximation, where the macroion pair correlations are smeared out into a uniform background by setting h mm (r) = 0 [52] . This identification opens up the possibility to investigate macroion properties in concentrated solutions with a degree of accuracy similar to one obtained from the traditional Wigner-Seitz (WS) cell approach [53] . Under a qualitative point of view, for dense microgel suspensions the electric double layers strongly overlap, and the ionic concentrations are forced to be compressed in a smaller volume around the microgel in order to preserve electroneutrality. This effect would lead to a more abrupt change of the electrostatic potential at the microgel surface and so, to larger effectve charges.
